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Abstract
The immediate enrollment in rehabilitation program and facilitation of the 
excitability of spinal motor neurons are very important for post-stroke patients. We 
previously suggested that persistence and the F/M amplitude ratio, indicator of the 
excitability of spinal motor neurons, were significantly increased during MI. Thus, 
MI has a greater effect on the excitability of spinal motor neurons. We also indicated 
that the imagined muscle contraction strength may not affect the excitability of 
spinal motor neurons. Further, kinesthetic imagery can more facilitate the excit-
ability of spinal motor neurons. However, longer duration of MI may not affect the 
excitability of spinal motor neurons. Therefore, slight imagined muscle contraction 
strength may be sufficient to facilitate the excitability of spinal motor neurons, and 
duration and strategy of imagery should be considered in neurorehabilitation.
Keywords: motor imagery, F-wave, imagined muscle contraction strength, duration, 
strategy, stroke, neurorehabilitation
1. Introduction
The excitability of the motor cortex is decreased after stroke along with dam-
age to neural substrates, loss of sensory inputs, and disuse of the affected limb 
[1]. Further, the amplitude of motor evoked potentials (MEPs), obtained when 
transcranial magnetic stimulation (TMS) is applied over the primary motor cortex, 
is decreased [2]. At the spinal level, the excitability of spinal motor neurons is 
decreased in post-stroke patients during the acute phase [3, 4]. The excitability of 
central and spinal neural function is decreased after stroke. The highest level of 
functional recovery due to neuroplasticity, cortical reorganization, and regeneration 
occurs at about 4 weeks after stroke, and recovery reaches plateau within 3 months 
[5, 6]. Therefore, in post-stroke patients, the immediate enrollment in rehabilitation 
programs aiming to facilitate the corticospinal excitability, including the excit-
ability of spinal motor neurons, should be important. Indeed, the early initiation of 
rehabilitation programs can facilitate the recovery of motor function [6–8].
Motor imagery (MI) is a cognitive process creating specific motor actions within 
working memory without an actual movement [9]. MI allows patients who cannot 
volitionally perform movements, such as stroke, to mentally practice a motor task. 
Numerous neurophysiological studies have discussed the effect of MI on the central 
nervous system by using positron emission tomography, functional magnetic reso-
nance imaging, and near-infrared spectroscopy [10–13]. The primary motor cortex, 
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premotor area, supplementary motor area, prefrontal cortex, parietal lobule, cin-
gulate area, cerebellum, and basal ganglia were activated during MI [10–13]. These 
brain areas were also activated during motor execution (ME), and thus the MI and 
ME have a common neural network. Further, the MEP amplitude was significantly 
increased during MI [2, 14, 15]. Therefore, MI can facilitate the excitability of the 
central nervous system.
However, the influence of MI on the excitability of spinal motor neurons is 
still unclear. A significant increase of the spinal motor neuron excitability was 
observed during MI [16, 17]. Our previous study also demonstrated a significant 
increase of the spinal motor neurons during MI of isometric thenar muscle activity 
at 50% maximal voluntary contraction (MVC) [18]. Conversely, previous studies 
demonstrated that excitability of spinal motor neurons is not changed during MI 
[14, 19, 20]. Additionally, Oishi et al. [21] identified three changing patterns (i.e., 
facilitation, suppression, and no change) in the excitability of spinal motor neurons 
during MI. These results of previous studies indicated that MI has various effects on 
the spinal motor neuron excitability. MI includes various components of perception, 
such as visual, auditory, kinesthetic, proprioceptive, and vestibular. Further, MI 
incorporates the spatial (e.g., direction and amplitude), temporal (e.g., synchroniza-
tion and continuously), and dynamic (e.g., muscle tension) information relevant to 
the motor task. Therefore, the excitability of spinal motor neurons during MI may 
be different depending on what modality of MI will be chosen. Then, we investi-
gated the excitability of spinal motor neurons during MI under various conditions, 
specifically imagined muscle contraction strength, duration, and sensory modality. 
One of the final goals of our group is to find the best conditions for MI to achieve the 
optimum outcome during the rehabilitation program. In the following sections, we 
introduce our previous researches and suggest the application of MI to rehabilitation.
2.  The excitability of spinal motor neurons during MI at different 
imagined muscle contractions
2.1 Background and purpose
Our research group previously reported that the excitability of spinal motor 
neurons was significantly increased during MI of isometric thenar muscle activity 
at 50% MVC [18]. In actual movement, the excitability of spinal motor neurons 
was increased linearly with muscle contraction strength [22]. If MI and ME share a 
common neural network, the excitability of spinal motor neurons increases linearly 
with imagined muscle contraction strength. Firstly, we aimed to investigate the 
excitability of spinal motor neurons during MI at different imagined muscle con-
traction strength. The excitability of spinal motor neurons during MI was assessed 
using the F-wave [23–26].
2.2 About the F-wave
The F-wave is compound action potentials resulting from the re-excitation 
(backfiring) of spinal anterior horn cells by an antidromic impulse following distal 
electrical stimulation of α motor neurons [27–29] (Figure 1). The F-wave amplitude 
was significantly increased when the corticospinal descending volley collides with 
the antidromic peripheral volley [30]. Therefore, the F-wave is considered to be a 
probe of the excitability of spinal motor neurons. Further, Rossini et al. [31] sug-
gested that the F-wave is a reliable index of the excitability of spinal motor neurons, 
even when motor output is extremely minimal, as during MI.
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2.3 Materials and methods
2.3.1 Participants
Firstly, we assessed the excitability of spinal motor neurons during MI at 10, 30, 
50, and 70% MVC for 10 healthy adults (mean age = 28.7 ± 4.5 years). Secondly, we 
assessed the excitability of spinal motor neurons during MI at 50 and 100% MVC 
for 15 healthy adults (mean age = 25.3 ± 5.0 years). Written informed consent was 
obtained prior to participation. The study was approved by the Research Ethics 
Committee at Kansai University of Health Sciences and conducted in accordance 
with the Declaration of Helsinki.
2.3.2 Apparatus and condition for the F-wave recording
A Viking Quest Electromyography (EMG) machine version 9.0 (Natus 
Medical, Inc., Pleasanton, CA, USA) was used to record the F-wave. Participants 
were in supine posture on a bed and instructed to fix one’s eyes on the display 
of a pinch meter (Digital indicator F304A, Unipulse Corp., Japan) (Figure 2). 
Figure 1. 
Mechanism of the F-wave.
Figure 2. 
F-wave recording status.
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The skin impedance was cleaned with an abrasive gel (Nuprep® Skin Prep Gel; 
Weaver and Company, Inc., Aurora, CO, USA) to maintain below 5 kΩ. The room 
temperature was maintained at 25°C. A pair of silver EEG cup electrodes (10-
mm diameter; Natus Medical, Inc., Pleasanton, CA, USA) was attached over the 
thenar muscles and the base of the first dorsal metacarpal bone (Figure 3).
The F-wave was evoked from the left thenar muscles by delivering supramaxi-
mal electrical stimuli to the left median nerve at wrist. Supramaximal stimulus 
intensity was determined to be 20% higher than the maximal stimulus intensity 
that could elicit the largest M-wave amplitude. Thirty electrical stimuli in each trial 
were delivered at a duration of 0.2 ms and frequency of 0.5 Hz. The sensitivity for 
the F-wave was set at 200 μV per division and a sweep of 5 ms per division. The 
bandwidth filter ranged from 20 Hz to 3 kHz.
2.3.3 Experimental protocol
Firstly, to determine baseline of the excitability of spinal motor neurons, the 
F-wave was recorded during relaxation for 1 min (rest). After baseline of the 
F-wave recording, participants were instructed to learn isometric left thenar muscle 
activity at 50% MVC for 1 min with visual feedback. Specifically, participants press 
the sensor of a pinch meter by the left thumb and index finger at 50% MVC and 
keep the 50% MVC value numerically recorded on the display. For the MI trial, 
participants imagined isometric left thenar muscle activity at 50% MVC for 1 min 
(50% MI). After MI trial, the F-wave was recorded during relaxation for 1 min 
(post). This protocol was repeated for 10, 30, 70, and 100% MI conditions. Each 
condition was performed randomly on different days.
2.4 Data analysis for the F-wave
The F-wave data in each trial were analyzed with respect to two parameters: 
persistence and the F/M amplitude ratio. The minimum peak-to-peak amplitude 
of F-waves was 20 μV [17, 32]. Persistence was defined as the number of detected 
F-wave responses to 30 electrical stimuli and expressed as percentage (%). 
Persistence reflects the number of backfiring spinal anterior horn cells [28, 29]. 
The F/M amplitude ratio was defined as the mean amplitude of all detected F-wave 
responses divided by the M-wave amplitude and expressed as percentage (%). The 
F/M amplitude ratio reflects the size, number, and synchronization of backfiring 
spinal anterior horn cells [29, 33]. Therefore, persistence and the F/M amplitude 
ratio indicate the excitability of spinal motor neurons.
Figure 3. 
F-wave recording condition.
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2.5 Statistical analysis
2.5.1 The F-wave during 10–70% MI condition
IBM SPSS statistics version 26 (IBM Corp., Armonk, NY, USA) was used for sta-
tistical analysis. A nonparametric method was used for statistical analysis because 
the normality of obtained data was not confirmed by the Shapiro-Wilk test.
Persistence and the F/M amplitude ratio among three trials (rest, MI, and post) 
under each MI condition (10, 30, 50, and 70%) were compared using the Friedman 
test and Scheffe’s post hoc test.
We also calculated the relative value obtained by dividing the F-wave data 
during MI under four MI conditions by that at rest. The relative values among four 
MI conditions were compared using the Friedman test. The threshold for statistical 
significance was set at p = 0.05.
2.5.2 The F-wave during 50 and 100% MI condition
Persistence and the F/M amplitude ratio among three trials (rest, MI, and post) 
under each MVC MI condition were compared using the Friedman test and Scheffe’s 
post hoc test. The relative values between two MI conditions were compared using 
the Wilcoxon signed rank test.
2.6 Results
2.6.1 The F-wave during 10–70% MI condition
Persistence during MI under all MI conditions was significantly higher than the 
rest (Tables 1–4). The F/M amplitude ratio during MI under 10, 30, and 50% MI 
conditions was significantly higher than rest (Tables 1–3). The F/M amplitude ratio 
during MI under 70% MI condition was tended to be increased than rest (Table 4).
The relative values of persistence and the F/M amplitude ratio did not demon-
strate significant differences among all MI conditions (Table 5).
2.6.2 The F-wave during 50 and 100% MI condition
Persistence during MI under the two MI conditions was significantly higher than 
rest (Tables 6, 7). The F/M amplitude ratio during MI under the two MI conditions 
was significantly higher than rest (Tables 6 and 7).
Table 1. 
The F-wave under 10% MI condition.
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Table 4. 
The F-wave under 70% MI condition.
Table 2. 
The F-wave under 30% MI condition.
Table 3. 
The F-wave under 50% MI condition.
Table 5. 
Comparison of relative values of the F-wave among 10% MI, 30% MI, 50% MI, and 70% MI.
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The relative values of the persistence and F/M amplitude ratio did not demon-
strate significant differences between two MI conditions (Table 8).
2.7 Discussion
Both persistence and the F/M amplitude ratio significantly increased during 
MI under all five MI conditions. Previous studies demonstrated that various brain 
regions, including the primary motor cortex, premotor area, supplementary motor 
area, prefrontal cortex, parietal lobule, cingulate area, cerebellum, and basal gan-
glia, contribute to motor preparation and planning during MI [34, 35]. Therefore, 
it is considered that activation of the central nervous system contributing to motor 
preparation and planning during MI is responsible for increased excitability of the 
spinal motor neurons via the descending pathways, such as the corticospinal and 
extrapyramidal tracts.
Table 6. 
The persistence and F/M amplitude ratio under 50% MI condition.
Table 7. 
The persistence and F/M amplitude ratio under 100% MI condition.
Table 8. 
Comparison of relative values of the F-wave between 50% MI and 100% MI condition.
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Furthermore, participants performed MI while holding the sensor of a 
pinch meter. Mizuguchi et al. [36] reported that while holding an object, the 
corticospinal excitability during MI was modulated by a combination of tactile 
and proprioceptive inputs. Thus, it is plausible that holding the pinch meter 
sensor during MI caused tactile and proprioceptive perceptions to cooperatively 
increase the excitability of the spinal motor neurons along the MI-activated 
pathways.
Relative values of persistence and the F/M amplitude were similar among all MI 
conditions. This result indicated that the magnitude of imagined muscle contrac-
tion strength may not affect the excitability of the spinal motor neurons. Bonnet 
et al. [37] reported that the H-reflex amplitude during MI was similar between 
2 and 10% MI conditions. Hale et al. [38] also reported that the H-reflex ampli-
tude during MI of ankle plantar flexion was similar among five (i.e., 20, 40, 60, 
80, and 100% MVC) MI conditions. Similarly, Aoyama et al. [39] reported that 
the H-reflex amplitude during MI was similar between 50 and 100% MI condi-
tions. MI is the mental representation of a movement in the absence of any overt 
movement [9]. The neural mechanism that inhibits actual movement and muscle 
contraction during MI may be involved in this outcome. Park et al. [40] reported 
that MEP amplitudes during MI were similar among all six (i.e., 10, 20, 30, 40, 50, 
and 60% MVC) MI conditions. Furthermore, magnitude of the primary motor 
cortex activity during MI did not correlate with the imagined muscle contraction 
strength, whereas activities of the supplementary motor and premotor areas dur-
ing MI strongly correlated with it [41]. The supplementary motor and premotor 
areas have crucial roles in larger force generation [42], motor planning, prepara-
tion, and inhibition [43, 44]. Thus, these areas may inhibit actual muscle contrac-
tions depending on the magnitude of the muscle contraction strength. These areas 
are also connected directly to the primary motor cortex, and inhibitory inputs 
from them may suppress any additional primary motor cortex excitation conferred 
by MI with a high imagined contraction strength. Therefore, the degree of excit-
ability of spinal motor neurons during MI at various imagined muscle contraction 
strengths may be modulated by both excitatory and inhibitory inputs from the 
central nervous system.
2.8 Conclusion
The result of these previous studies demonstrated that MI can increase the 
excitability of spinal motor neurons. Further, MI at slight imagined muscle con-
traction strength (i.e., 10% MVC) can substantially facilitate the excitability of 
spinal motor neurons.
3.  The influence of duration of MI on the excitability of spinal motor 
neurons
3.1 Background and purpose
In our previous studies, duration of MI was 1 min [23–26]. However, Driskell 
et al. [45] indicated that 10–15 min may be appropriate for duration of MI training 
session. Further, Twinning et al. [46] indicated that 5 min is the temporal limit to 
concentrate and perform MI. Therefore, we aimed to investigate the influence of 
duration of MI on the excitability of spinal motor neurons [25, 26, 47].
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3.2 Materials and methods
3.2.1 Participants
Eleven healthy adults participated (mean age = 26.4 ± 6.0 years). Written 
informed consent was obtained prior to participation. The study was approved by 
the Research Ethics Committee at Kansai University of Health Sciences and con-
ducted in accordance with the Declaration of Helsinki.
3.2.2 Experimental protocol
Firstly, to determine the baseline of the excitability of spinal motor neurons, the 
F-wave was recorded during relaxation for 1 min (rest). Subsequently, participants 
were instructed to learn isometric left thenar muscle activity at 50% MVC for 
1 min. For MI trial, participants imagined isometric left thenar muscle activity at 
50% MVC for 1 min. The F-wave was recorded at 1, 3, and 5 min after beginning 
of MI (1-, 3-, and 5-min MI). Immediately after MI trial for 5 min, the F-wave was 
recorded during relaxation for 1 min (post).
After F-wave recording, participants evaluated their vividness of MI (i.e., how 
vividly they could imagine isometric thenar muscle activity at 50% MVC) at 1-, 
3-, and 5-min MI using a seven-point Likert scale ranging from 1 (very difficult to 
perform MI vividly) to 7 (very easy to perform MI vividly).
3.3 Statistical analysis
A nonparametric method was used for statistical analyses because the normality 
of obtained data was not confirmed with the Shapiro-Wilk test. Persistence and 
the F/M amplitude ratio among five trials (rest, 1-, 3-, and 5-min MI, and post) 
were compared using the Friedman test and Scheffe’s post hoc test. Rating scores 
of MI vividness at 1-, 3-, and 5-min MI were compared using the Friedman test and 
Scheffe’s post hoc test. The threshold for statistical significance was set at p = 0.05.
3.4 Results
Persistence at 1- and 3-min MI trial was significantly higher than rest (Table 9). 
No significant difference in persistence was observed between 5-min MI and rest 
trial (Table 9). Further, no significant differences in persistence were confirmed 
among 1-, 3-, and 5-min MI trial.
Table 9. 
The F-wave during MI for 5 min.
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The F/M amplitude ratio at 1- and 3-min MI trial was significantly higher than 
rest (Table 9). The F/M amplitude ratio at 5-min MI trial was significantly smaller 
than 1- and 3-min MI trial (Table 9). Further, no significant difference in the F/M 
amplitude ratio was observed between 5-min MI and rest trial (Table 9).
The rating score of MI vividness at 5-min MI trial was significantly smaller that 
1-min MI trial (Table 10).
3.5 Discussion
The results for the F-wave indicated that duration of MI for 1–3 min positively 
affects the excitability of spinal motor neurons. Further, the results of vividness of 
MI indicated that temporal limitation of MI, participants can perform MI vividly, 
may be 3 min.
It is considered that mental fatigue and/or habituation were involved in this 
result. Repetitive MI of a handgrip movement decreases the corticospinal excit-
ability [48]. Rozand et al. [49] also demonstrated that participants felt difficulty 
to maintain their focus on imagined movement due to mental fatigue. Therefore, 
mental fatigue caused by sustained mental activity may affect the excitability of 
spinal motor neurons.
Brain activity was decreased by habituation after cognitive motor task for 10 min 
[50]. Further, the corticospinal excitability was also decreased by habituation [50]. At 
spinal level, the T-reflex amplitude was decreased after sustained mental activity for 
20 min [51]. Therefore, habituation after sustained mental activity as MI can alter the 
corticospinal excitability, including the excitability of spinal motor neurons.
3.6 Conclusion
The result of this study demonstrated that longer duration of MI above 3 min 
has no facilitatory effect on the excitability of spinal motor neurons. Therefore, in 
physical therapy, the duration of MI should be considered.
4.  The influence of imagery strategy on the excitability of spinal motor 
neurons
4.1 Background and purpose
Previously, we investigated the influence of MI of isometric thenar muscle activ-
ity on the excitability of spinal motor neurons [18, 23–26]. Previous results indi-
cated that the MI of thenar muscle activity at 50% MVC can increase the excitability 
of spinal motor neurons. However, there were individual differences in facilitation 
amount of the excitability of spinal motor neurons.
Table 10. 
Rating scores of MI vividness during MI for 5 min.
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MI includes various components of perception that can be associated with actual 
movement [52]. Therefore, the effects of MI may differ depending on the choice of 
sensory modality. Then, we investigated that imagery strategy on the excitability of 
spinal motor neurons [53].
4.2 Materials and methods
4.2.1 Participants
Fourteen healthy adults (mean age = 23.4 ± 4.8 years) participated. Written 
informed consent was obtained prior to participation. The study was approved by 
the Research Ethics Committee at Kansai University of Health Sciences and con-
ducted in accordance with the Declaration of Helsinki.
4.2.2 Experimental protocol
For the rest trial (rest), to determine the baseline excitability of the spinal motor 
neurons, the F-wave was recorded during relaxation for 1 min. Subsequently, 
participants were instructed to exert isometric left thenar muscle contraction at 
50% MVC for 1 min with visual feedback. Simultaneously, participants learned two 
imagery strategies: somatosensory (tactile and pressure perception of thumb finger 
pulp during pressing the sensor of pinch meter) and kinesthetic (thenar muscle 
contraction during pressing the sensor of pinch meter at 50% MVC). Subsequently, 
participants performed the somatosensory imagery (SI), kinesthetic imagery (KI), 
and combined somatosensory and kinesthetic imagery (SKI). In SKI trial, par-
ticipants imagined somatosensory and kinesthetic sensation simultaneously. The 
duration of each MI session was 1 min.
After the F-wave recording, participants evaluated difficulty of each imagery 
strategy by using a five-point Likert scale, ranging from 1 (very hard to image 
vividly) to 5 (very easy to image vividly).
4.3 Statistical analysis
A nonparametric method was used for statistical analyses because the normality 
of obtained data was not confirmed with the Shapiro-Wilk test. Persistence and the 
F/M amplitude ratio among four trials (rest, SI, KI, and SKI) were compared using 
the Friedman test and Scheffe’s post hoc test. Rating scores of each imagery strategy 
(SI, KI, and SKI) were compared using the Friedman test and Scheffe’s post hoc 
test. The threshold for statistical significance was set at p = 0.05.
4.4 Results
Persistence was significantly higher during SI and KI trials than at rest 
(Table 11). Persistence tended to be higher during SKI than at rest (Table 11).
The F/M amplitude ratio was significantly higher during KI than at rest 
(Table 11).
The rating score of SKI vividness was significantly smaller than rest (Table 12).
4.5 Discussion
Persistence and the F/M amplitude ratio were significantly increased during 
KI. Described in Introduction section, numerous studies demonstrated that various 
brain areas, including the primary motor cortex, were activated during KI [34, 35]. 
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The corticospinal excitability was significantly increased during KI [2, 15]. Therefore, 
the excitability of spinal motor neurons during KI may be increased via the descend-
ing pathways, such as the corticospinal and extrapyramidal tracts.
Although there was no significant difference in the F/M amplitude ratio between 
SI and rest trial, persistence was significantly increased during SI than rest. We did 
not expect this result previously, because there are no previous studies reported that 
SI increases the corticospinal excitability including that of the primary motor cor-
tex. One possible is that SI adopted in this study included kinesthetic components. 
Participants in this study imagined tactile and pressure perception accompanied 
with holding the sensor of a pinch meter. Therefore, it is plausible that participants 
imagined tactile and perception along with thenar muscle activity.
Persistence during SKI was tended to be higher than rest, and the rating score 
of SKI vividness was the lowest among all imagery strategies (SI, KI, and SKI). 
Participants in this study were instructed to pay attention to kinesthetic and 
somatosensory perception simultaneously. The decline in the amount of attention 
that can be allocated to each imagery strategy may have increased difficulty for 
participants to perform SKI vividly. Indeed, Williams et al. [54] indicated that there 
are positive correlation between the corticospinal excitability and MI vividness.
4.6 Conclusion
The result of this study indicated that KI may have a greater effect on the 
excitability of spinal motor neurons.
5. How to use MI in neurorehabilitation
In post-stroke and spinal cord injury, motor cortex excitability was decreased 
due to damage of neural substrates, loss of sensory inputs, and disuse of affected 
Table 11. 
The F-wave during SI, KI, and SKI, trail.
Table 12. 
Rating scores of MI vividness during SI, KI, and SKI, trail.
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limb [1]. Further, the MEP amplitude was decreased after stroke [55] and spinal 
cord injury [56]. Additionally, a significant reduction of spinal motor neuron 
excitability has been shown in the post-stroke acute phase [4] and spinal cord 
injury [57]. Facilitating the corticospinal excitability is closely related to func-
tional motor recovery [58]. Therefore, the immediate enrollment in rehabilitation 
programs aiming to facilitate the corticospinal excitability, including the excit-
ability of spinal motor neurons, should be important. Our previous researches 
investigated the excitability of spinal motor neurons during MI in only healthy 
volunteers. However, Cicinelli et al. [59] reported that the MEP amplitude was 
significantly facilitated during MI in post-stroke. Naseri et al. [60] reported that 
the amplitude and persistence of the F-wave were significantly increased during 
MI in post-stroke. Further, similar effect was observed in spinal cord injury [61]. 
Also, in Parkinson’s disease, the amplitude and persistence of the F-wave were 
significantly increased during MI [62]. Therefore, MI has a facilitating effect on 
the corticospinal excitability, including the excitability of spinal motor neurons, 
for central nervous system disorder.
Next, about definite method of MI, our research group revealed that MI of 
isometric thenar muscle activity at 50% MVC can increase the excitability of 
spinal motor neurons. Additionally, imagined muscle contraction strength did 
not affect facilitation amount of the excitability of spinal motor neurons. In 
physical therapy for facilitating the excitability of spinal motor neurons, slight 
(i.e., 10% MVC) imagined muscle contraction strength may be sufficient. Then, 
kinesthetic imagery could more facilitate the excitability of spinal motor neurons 
than somatosensory imagery. Stinear et al. [63] reported that kinesthetic imagery 
can significantly increase the corticospinal excitability. Therefore, to facilitate 
the excitability of spinal motor neurons, kinesthetic perception may be used for 
imagery strategy. Also considering mental fatigue and habituation, duration of MI 
may be less than 3 min.
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